The design procedure of low-sensitivity second-and third-order class-4 Sallen and Key active resistance-capacitance (RC) allpole filters. using impedance tapering. has already been published. There a ladder structure in tlie positive feedback loop of an operational amplifier was used. In this paper desensitization using impedance tapering is applied to class-3 circuits with negative feedback referred to as a "single-amplifier biquad" (SAB). The RC-section in the negative feedback loop is impedance scaled upwards. from the driving source to the negative amplifier input. Second-order band-pass filters are considered. The improvement comes free of charge: component count and topology remain unchanged. whereas the component values. selected for impedance tapering. account for the significant decrease in sensitivity to coniponent tolerances.
INTRODUCTION
A procedure for the design of class-4 lowsensitivity allpole filters has been presented in [I]. The class-4 filter circuit has an RC-ladder network in the positive feedback loop (see [4] ). The design presented in [I] is based on "inipedance tapering".
In this paper we apply impedance tapering to class-3 allpole active-RC filters. The filter circuit is class-3 referred to as a "single-amplifier biquad" (SAB) . and has an RC bridged-T network in the negative feedback loop as sliouli in [4] . It is shown here that by the use of impedance tapering. in which Lsections of the RC network are successively impedance scaled upwards. from the driving source to the negative amplifier input. the sensitivity of the filter characteristics to component tolerances can be significantly decreased. in comparison to standard designs. In this paper we consider second-order bandpass filters: the results apply also to other class-3 filter circuits.
It has been shown in [6] that the active building blocks based on positive feedback (class-4) and those based on negative feedback (class-3) are related by the complementary transfomiation. As a consequence their polesensitivity characteristics are closely related. as well as their gain-sensitivity products (GSP) with respect to amplifier gain. This fact can be helpful in applying impedance tapering to SAB sections.
The improvement in sensitivity achieved by impedance tapering comes fiee of charge. in that it requires simply the selection of appropriate component values. The design procedirre adds nothing to the cost of conventional circuits: component count and topology remain unchanged. whereas the component values selected for impedance tapering considerably decrease component tolerance sensitivity. This is denionstrated by Monte Carlo analysis (using PSPICE simulation) to examine the sensitivity of a band-pass filters transfer function to component tolerances. A simple Voltage-Controlled-Voltage-Source (VCVS) was used to model an ideal operational amplifier.
DEFINITION OF SENSITIVITY
The relative sensitivity of a function F(s) to variations of a variables is defined as
Consider tlie transfer function T(s) of a second-order. allpole band-pass filter expressed Ui terms of coefficients a,
The filter coefficients 
DESIGN OF SECOND-ORDER CLASS-3 BAND-PASS FILTER
As a representative example we consider a second-order bandpass (R) filter shown in Fig. 1 [5]. It has a bridged-T circuit in the negative feedback loop and is known as a class-3 band-pass filter.
where we denote the pole Q of the passive subnetwork by 4.
( S : is with respect to p for class-4 circuits in 111. S ; to for the SAB sections in this paper).
The coefficient sensitivities are all proportional to the pole Q. qr Thus, as already shown in [l] . one does well to select the filter type with the lowest pole Qs for a given application. From (6) it follows that the coefficient al sensitivity to the gain is inversely proportional to 4. i.e. to the pole Q factor of the passive network which is limited to less than 0.5 [7] . The value of 4 can be maximized by appropriately impedance-wise scaling individual sections of an RC network from one another. This is referred to as "impedance scaling" in [I]. Referring to Fig. 1 . for our circuit this is accomplished when the second RC-section in the feedback loop comprising R, and C, (inside the rectangle) is impedance scaled upwards in order to minimize the loading 011 the first. i.e. RI and C1. Letting Rl=R: C1=C R2=rR: C2=Clp (7) we obtain the sensitivity relations given in the second colunln of Table 1 . and we obtain from ( 5 ) Figure 1 . Second-order class-3 band-pass filter (medium-Q realization).
The voltage transfer function T(s) for this circuit. expressed in terms of coefficients a,. is given by eq. (2). and in terms of the pole fkequency cop and pole Q, qp by where gain P = l + R , /RG represents the gain in the complementary class-4 filter circuit. i.e. filter with positive feedback loop as in [I] .
The sensitivity of a. to all RC components is -1 (and to the gain J3 is zero). thus Aadao can be decreased only by decreasing the tolerance of RI. R2. C1 and C,. i.e. by applying technological measures. This is also true for the filters of class-4 as shown in [l] . For the sensitivity of a, to the tolerance of the passive components, we readily obtain expressions given in the first column of Table 1 .
As already stressed above class-4 (positive feedback) and class-3 (negative feedback) biquads have been called con~plementary. For example. a class-4 high-pass biquad and a band-pass (class-3) SAB filter section. as presented in Fig. 1 . have been shown to possess identical poles and identical root loci (with respect to p and p, respectively). Both circuits are described in [6] . The important consequence is that the sensitivity reduction to component tolerances of one circuit directly reduces the sensitivity of the other. Thus the pole-Q factor. qp of the highpass class-4 filter section (with the gain p). is identical to the pole-Q factor ofthe band-pass SAF3 filter section given by eq. ( 5 ) (gain D ). Although the way of minimizing the sensitivity of the coefficient al with respect to P. i.e. Sp"' for class-4 circuits is known, it will be briefly recapitulated here. and expanded on for the SAB section. Thus. for both circuits we obtain -Thus impedance scaling R2 and C? as in (7). 4 will approach 0.5 and the sensitivity of al (or qp) to p will be nlininlized according to (6) . A glance at the sensitivities in the second column of Table 1. shows that some of then] are proportional to p and some to p-'. Thus. setting p=l provides an optimuni compromise. Note that S ; = -S$ . Table 1 . Sensitivity of a, to component variations of a second-order class-3 band-pass filter.
Design equations for the tapered second-order band-pass filter follow. With the tapering factors in (7) and with
we obtain for the coefficients of T(s) Table 2 From K. a,, = OS and a, = W, lq,, . which are given by the filter specifications. we must determine 0 , . p. I' and p . Parameters I'
and p must both be positive. and p must be larger than unity.
Therefore. the constraint that -Because be positive.
Note that tlie gain factor K in eq. (2). where K = q,, . K' . is the filter's gain in the pass band and can be specified by the filter designer. but the amplifier gain is determined by the expression in eq. (10).
Thus. from eq. (5). we obtain p. If the desired value of p is less than unity. then the specified gain K can be tuned with a resistive voltage divider at the input of tlie network. consisting of RI1 and RI,. as shown in Fig. 1 . For the value of p>l it is possible to make an output voltage-level transfoniiation. this has been described elsewhere (see [I] .
[5]).
2 1 the expression under the square root will always
Example
Consider tlie following practical example. Suppose that w, , = 2~. 8 6 k H z ; q p = 5 : Cz500pF.
In the design process, various ways of impedance tapering have been applied. the resulting component values are presented in Table 2 . Monte Carlo runs with 5% Gaussian distribution. zeromean resistors and capacitors were carried out for the resulting filters and presented in Fig. 2 . Observing the Monte Carlo runs in Fig. 2 one can conclude that tlie ideally impedance-tapered filter (Nr. 2) and the partiallytapered filter with equal resistors (!"=I) (Nr. 3) do not significantly decrease sensitivity with respect to component variations. compared with the non-tapered standard circuit (Nr. 1). The C-tapered and n h . GSP filter (Nr. 5 ) shovw somewhat lower sensitivity. Furtherniore the circuit Nr. 6) with r for min. GSP has a higher sensitivity than circuits Nr. 7). 8) for which I ' is larger but the GSP is not mininuzed.
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The mini" sensitivity of the SAB section is achieved by selecting equal capacitors (p=l) and tapering the resistors. This corresponds to the minimum sensitivity achieved with resistive tapering and p=1 of the high-pass class-4 circuit. This is because the high-pass class-4 circuit and the band-pass SAB circuit are complementary [6]. A special case is the circuit Nr. 8) with the very large value of FIOO and the gain p = 1 (note that for p=l with increasing of r: p + 1 ). It has the minimum sensitivity.
This realization is suitable for low-Q pole factors. qp and is presented in Fig. 3 and in [5] . 
Resistive
Tapering with p=1 and p = 1
As discussed above. the design with = 1 refers to the circuit in Fig. 3 . The design can be carried out by the following step-bystep design procedure: i) Foragivenp=l calciilater: 1*=4.q: = 4 . 5 ' =loo.
iil Cnlcrilate U,: w,, = &wp = m 2 n 8 6 k H z = 5.4.1 O6 rads . Fig. 1 , and a "low-Q circuit ( p = 1 ) as in Fig. 3 , there is only one criterion, i.e. the value of Q-pole factor. q,,. The value of r is proportional to the squared value of qp (see [5] 
SUMMARY
A procedure for the design of low-sensitivity active resistancecapacitance (RC) allpole filters of second-and third-order has already been published [l] . In this paper a procedure for the design of band-pass SAB circuits as given, for example, in [5] is presented. Instead of a standard design method, the component values are calculated using "impedance tapering". It has been shown that class-4 circuits and the class-3 SAB sections are complementary [6] . Thus desensitization by impedance tapering of one section produces the same desensitization of the other.
Resistive impedance tapering with equal capacitors (p=l) provides circuits with minimum sensitivity to the component tolerances. In particular. the circuits with unity gain have minimum sensitivity to the component tolerances of the circuit.
